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Abstract— A SiC-based synchronous boost DC/DC converter 
rated for 400 V to 800 V and 10 kW with high efficiency in a wide 
power range, especially at medium and light load, is designed and 
developed. The better switching performance of SiC MOSFETs 
allows the use of high switching frequency operation modes even 
at voltage close to 1 kV (previously avoided due to the high 
switching losses introduced by silicon IGBTs). The distribution of 
the converter losses at different conduction modes and 
frequencies is evaluated. Moreover, digital control makes easier 
modifications of the operation mode in order to optimize the 
efficiency for different loads. Consequently, different operation 
modes (conduction mode and switching frequency) for different 
loads are compared in order to provide a design guide to 
optimize the converter performance in all the power range. 
Keywords—DC/DC bidirectional converters, light load 
operation, quasi-square wave (QSW), silicon carbide (SiC) 
MOSFETs. 
I. INTRODUCTION 
Power Electronics Transformers (PETs) have been 
proposed as a semiconductor based alternative to conventional 
Line-Frequency Transformers (LFTs) [1]-[4]. A fully modular 
three stage approach (AC/DC + DC/DC + DC/AC) appears to 
be the most popular choice [2], [5]-[9], being very common the 
use of multilevel converters to develop the AC/DC stage of the 
PET, as in the case CHB-based PET [9] and MMC-based PET 
[10], [11]. Multilevel converters provide a high voltage DC 
link without a bulk DC capacitor, being the distributed energy 
storage at the cell capacitors, which is advantageous for safety 
and reliability reasons [12]. By adequate design of the cells, it 
is possible to integrate low voltage dc or ac power sources 
(such as PV panels or wind turbines), loads or energy storage 
devices at the cell level [13]-[15]. However, if the voltage level 
of the cell (usually, around 1 kV) and the voltage level of the 
storage system are different, the use of bidirectional power 
converters is mandatory to adapt the energy format (Figure 1). 
Battery charging process is usually done in three stages [16], 
with a final stage in which the charging current is very low and 
high efficiency is paramount importance in PETs. Therefore, 
the power converter connecting the battery with the PET cell 
must withstand high voltage providing high efficiency over a 
wide power range 
Wide Band Gap (WBG) semiconductors, especially Silicon 
Carbide (SiC) MOSFETs, allow the operation of power 
converters at high voltage and high switching frequency with 
high efficiency [17]. SiC MOSFETs and a variable switching 
frequency control technique providing Zero Voltage Switching 
(ZVS) have been used to improve the efficiency in a 
synchronous boost converter, especially at medium and light 
load operating at high voltage and high frequency [18], [19]. 
However, a high current ripple is the price to pay of the 
proposed operation mode, which increases conduction losses, 
especially at full load. 
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Figure 1. (a) Distributed energy sources integration in a MMC.  (b) Structure of 
the cell. 
Nowadays, most of the high-power converters are digitally 
controlled, making possible modifications of the operation 
mode. In this paper, the conduction mode to achieve the 
maximum attainable performance of a SiC-based synchronous 
boost converter is evaluated. The proper design of the inductor, 
the conduction mode and the switching frequency for different 
power ranges are proposed. Although this work is oriented to 
develop a bidirectional converter able to provide energy 
storage capability to a PET, the extracted conclusions can also 
be applied to other applications where a bidirectional converter 
with high efficiency and high voltage operation is needed. 
The proposal of this work is to evaluate the feasibility of a 
synchronous boost converter using different conduction modes 
and switching frequencies in function of the transferred power 
in order to improve its performance in a wide power range. 
Three different conduction modes are analyzed and the 
converter losses operating in each conduction are estimated in 
Section II. Furthermore, experimental results of a prototype 
working in the proposed conduction modes are presented in 
Section III. Finally, Section IV proposes a design and a control 
strategy to improve the performance of the converter 
modifying the conduction mode and the switching frequency 
for different power values. 
II. ANALYSIS OF THE DIFFERENT CONDUCTION MODES 
The synchronous boost converter is the bidirectional 
DC/DC topology without galvanic isolation using the lowest 
number of power devices (Figure 1, green converter). Different 
control strategies have been proposed for this topology. 
A. Characteristics of the analyzed modes 
A summary of the characteristics of the three analyzed 
continuous conduction modes (CCM) is presented and their 
key waveforms are shown in Figure 2. 
1) CCM hard switching (CCM-HS). Reduced current ripple 
(inductance current always positive) and constant switching 
frequency (f). Its key advantage is the low current ripple 
(suitable for charging and discharging energy storage systems), 
performing low conduction losses. High switching losses are 
the main drawback. At light loads, this mode achieves ZVS 
(Triangular Conduction Mode (TCM)). 
2) Boundary Conduction Mode with Zero Current 
Switching (BCM-ZCS). Large current ripple (inductance 
current is zero at the turn-on of S1) and variable switching 
frequency. Switching losses are reduced but, due to the large 
current ripple, conduction losses are increased [20] - [23]. 
3) Quasi-Square Wave mode with Zero Voltage Switching 
(QSW-ZVS) [24] - [27]. Large current ripple (inductance 
current is negative at the turn-on of S1) and variable switching 
frequency. Full ZVS can be achieved for certain relations of 
input and output voltages [24], reducing switching losses but 
also increasing conduction losses. 
Analytical models for the estimation of the efficiency of a 
boost converter operating in the three specified conduction 
modes are developed and experimentally validated. 
B. Distribution of the converter losses 
The sources of losses considered in this work are 
conduction, switching, gate and inductor losses. In TABLE I, 
switching losses are detailed for the different operation modes. 
No reverse recovery losses are taken into consideration, since it 
is a synchronous boost converter working with SiC MOSFETs 
which include SiC diodes in antiparallel and those losses can 
be negligible. 
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Figure 2. Inductor current waveform for two different power levels. 
TABLE I. Distribution of switching losses 
 
Switching 
 
S1 S2 
 
ON 
(k1) 
OFF 
(k2) 
ON 
(k3) 
OFF 
(k4) 
CCM-HS 1 1 0 1 
TCM 0 1 0 1 
BCM-ZCS 1 1 0 1 
QSW-ZVS 0 1 0 0 
S1 and S2 conduction losses are calculated by means of the 
conduction resistance (Rdson) and the rms current (Irms) going 
through each MOSFET, and they are respectively given by: 
Pc_S1 = Rdson_S1·I rms _S1 2  (1) 
Pc_S2 = Rdson_S2·I rms_S2 2  (2) 
The main difference in efficiency among the different 
conduction modes for a concrete load comes from the 
switching losses, which are conferred on: 
Psw_S1 = f ·  (k1·Eon_S1 + k2·Eoff_S1) (3) 
Psw_S2 = f · (k3·Eon_S2 + k4·Eoff_S2) (4) 
where ki will take the value 0 or 1 depending on the conduction 
mode (see TABLE I). If ki is 0, the switching losses in that 
transition (turn-on or turn-off) are considered negligible. By 
contrast, if ki is 1, they are considered in the model. 
 Traditionally these switching losses were estimated by 
means of the output parasitic capacitance (Csw) and the turn-on 
and turn-off times (ton and toff, including rise and delay time). 
However, all these values are not constant and they can change 
either with the instant voltage or with working conditions. 
 On the other hand, the dissipated energies by the MOSFET 
in its turn-on and turn-of (Eon and Eoff energies, respectively) 
provide a more accurate approach to estimate its switching 
losses since their values can be easily obtained through the data 
provided by the manufacturer, as shown in Figure 3. These 
energies are calculated using (5) - (8): 
Eon_S1 = (| ILv |·  Eon_Slope) + Eon_constant (5) 
Eoff_S1 = (| ILp |·  Eoff_Slope) + Eoff_constant (6) 
Eon_S2 = (| ILp |·  Eon_Slope) + Eon_constant (7) 
Eoff_S2 = (| ILv |·  Eoff_Slope) + Eoff_constant (8) 
being ILp and ILv, the maximum and minimum inductor current 
(Figure 2). 
 Regarding gate losses, they are common for all conduction 
modes, and they are calculated for each device as: 
Pgate = f ·  Qg ·∆Vgs (9) 
being Qg the sum of Qgd and Qgs, and ∆Vgs the difference 
between the positive and the negative voltage applied to the 
gate-to-source terminals. 
 With regard to inductor losses, both copper (Cu) and core 
(Co) losses are taken into account, being defined as follows: 
PCo = (Ve ·  α ·  f β ) [(L·∆IL )/ (2 ·N· Ae)]γ (10) 
PCu = ρo · lm ·  ILrms 2 · N / Se (11) 
where Ve is the effective volume of the bobbin, α, β and γ are 
constants dependent on the core material, L is the inductor 
value, ∆IL is the current ripple, N the number of turns and Ae 
is the effective area of the bobbin. 
 The section of the cupper, Se, is defined as: 
Se = Np ·π · d 2 / 4 (12) 
being ρo the cupper resistivity, lm the length of each turn of 
cupper, Np the number of threads in parallel and d the diameter 
of the thread. 
It is also worth to mention that in the case of BCM-ZCS 
and QSW-ZVS, the switching frequency varies inversely 
proportional to the output power, being the maximum 
switching frequency (fmax) limited by the output capacitance of 
power transistors. fmax determines the minimum power for 
BCM-ZCS and QSW-ZVS, given by: 
PBCM min = V12 · D / 2 ·L·1/fmax  (13) 
PQSW min = (V1 / 2 )·[(D+B–A)·ILp  – (A–D+B)· ILv] (14) 
being D the duty cycle and A and B are given by: 
A = - ILv ·L / (V1 / fmax) (15) 
B = ILp · L / [(V2-V1) / fmax] (16) 
 Thanks to the low parasitic capacitances of SiC MOSFETs 
and the soft switching operation, the maximum attainable 
switching frequency is quite high (even at high voltages) 
allowing the use of BCM-ZCS and QSW-ZVS for very light 
loads. 
Moreover, the use of SiC MOSFETs is almost mandatory 
due to the required values of voltage and switching frequency 
proposed in this application. 
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Figure 3. Energies given by the manufacturer ® Wolfspeed 
Figure 4 and Figure 5 (as two examples of the information 
given by the models) show the variation of the frequency and 
the inductor current ripple ratio as a function of the power for 
the three analyzed conduction modes, respectively. As can be 
seen, for different power ranges, the switching frequency and 
the inductor current ripple are different for each conduction 
mode and consequently the converter losses are quite different. 
The analytical estimation of the losses can determine the 
most efficient conduction mode for each power range. Being 
aware of the most efficient conduction mode and having a 
central control that allows switching among them, the 
converter can be designed to obtain high efficiency in a wide 
power range. 
III. EXPERIMENTAL RESULTS 
A bidirectional synchronous boost converter prototype has 
been designed and built (Figure 6) following the specifications 
shown in TABLE II (the main components are also included). 
As one of the main aspects in this work is achieving high 
efficiency over a wide power range, mainly for medium and 
light load, both analytical and experimental results are 
compared in Figure 7. For heavy loads, efficiencies are very 
similar for all the three modes considered, so experimental 
results up to 80% of full load are shown. 
 The highest efficiency is provided by QSW-ZVS, but also 
high current ripple, together with BCM-ZCS. However, to 
obtain QSW-ZVS in both power directions V2 must be twice 
V1. Otherwise, only partial ZVS can be achieved [28]. BCM-
ZCS is attained for any voltage relation and its practical 
implementation is easier (only zero crossing detection). If a 
higher frequency is used, a smaller current ripple is given in 
CCM-HS without an important decrease of the efficiency, 
especially at high load (Figure 7). However, CCM-HS is lost 
for lighter loads, becoming TCM, which means reaching ZVS 
at the expense of working with more reactive current. As can 
be seen, not only efficiency but also different variables should 
be considered before selecting a conduction mode for a given 
application. The developed models allow a comparison 
between different conduction modes at different power levels. 
As proof of concept some experimental waveforms are 
shown in Figure 8 for two different load levels (one at light 
load and one at medium-high load) and the three conduction 
modes under study. 
 
Figure 4. Switching frequency for different loads and different conduction modes. 
 
Figure 5. Inductor current ripple ratio for different loads and different conduction 
modes. 
TABLE II. Converter specifications 
Parameter Values 
Input / Output voltages (V1 / V2) 400 V / 800 V 
Maximum power (Pmax) 10 kW 
Minimum / maximum switching 
frequency (fmin / fmax) 20 kHz /200 kHz 
Inductor (L) 
200 µH  
bobbin: ETD 59 
(3 inductors of 600 µH in parallel) 
MOSFET CCS020M12CM2 
Driver CGD15FB45P1 
 
 
Figure 6. Experimental prototype 
 
Figure 7. Analytical and experimental efficiency comparison. 
Power 1000 W Power 7700 W 
 
BCM-ZCS
f 200 kHzVGS 5V/div VDS 200V/divIL 2A/div
 
 f 28 kHzVGS 5V/div VDS 200V/divIL 10A/div
BCM-ZCS
 
 
QSW-ZVS
f 111 kHzVGS 5V/div VDS 200V/divIL 2A/div
 
 f 25 kHzVGS 5V/div VDS 200V/divIL 10A/div
QSW-ZVS
 
 
CCM (TCM)
f 60 kHzVGS 5V/div VDS 200V/divIL 5A/div
 
 f 60 kHzVGS 5V/div VDS 200V/divIL 10A/div
CCM (HS)
 
Figure 8. Experimental waveforms for the three analyzed modes and two different power levels. 
 
IV. CONTROL STRATEGY 
In order to optimize the performance for the whole power 
range, a control based on switching among conduction modes 
for different load levels is applied. 
The fact that efficiencies at high loads for the different 
conduction modes are considerably similar for this specific 
application (it is experimentally validated and shown in Figure 
7) allows a control strategy based on other factors, such as, 
current ripple or peak current level.  
So as to keep a limited current ripple and, therefore, a 
concrete peak current level through the MOSFETs, CCM-HS 
conduction mode is preferred for high loads (it also provides 
easier control since it works at a fixed frequency), switching 
to QSW-ZVS when the peak current level is similar to that of 
the CCM-HS at full load. For instance, if the peak current 
level at 9 kW is 30 A for CCM-HS, the control will change to 
QSW-ZVS when the load level goes under 5.5 kW (which 
corresponds to 30 A of peak current level for that conduction 
mode). 
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Figure 9. (a) Step load: VDS (V) in green, IL(A) in pink, VOUT (V) in 
purple. (b) Detail of the step load switching between modes. (c) QSW 
mode at 3.5 kW / 43 kHz. (d) CCM mode at 5 kW / 60 kHz. 
 
As an example, a step load going from 3.5 kW to 5 kW is 
performed and shown in Figure 9 a-d. Different strategies 
might be chosen. In this case, only the output voltage is 
sensed, but full control of the converter and the possibility of 
different strategies will be given sensing the inductor current. 
If the nominal voltage goes below or over a pre-stablished 
threshold, the frequency and duty cycle of the boost converter 
change accordingly to meet the new load requirements, 
guaranteeing always an output voltage of 800 V. 
In Figure 9a VDS, IL and VOUT are displayed. It is seen that, 
even if the detection of the step load is done within the first 
200 µs, the dynamic of the converter causes a slight voltage 
imbalance during approximately 7 ms. However, as it is 
reflected in Figure 9b, a smooth transition is obtained passing 
from QSW-ZVS operation mode at 43 kHz for 3.5 kW to 
CCM-HS operation mode at 60 kHz for 5 kW. In this sense, 
CCM-HS is preferred to QSW-ZVS, since it is desired to keep 
lower current peak through the inductor. 
In Figure 9c, a zoom of the QSW-ZVS mode is shown, 
noticing that noiseless commutations are achieved due to the 
ZVS condition. Likewise, Figure 9d shows a zoom of the 
CCM-HS mode. In this case, hard switching commutations are 
obtained. Nevertheless, lower current ripple is accomplished. 
V. CONCLUSIONS 
 Three different conduction modes in a SiC-based 
synchronous boost converter are presented and compared in 
this work. Both theoretical and experimental results are shown 
and good match between them is obtained.  
 The models help the designer in the selection of the 
conduction mode for different specifications. The highest 
efficiency is obtained with QSW-ZVS, but its high current 
ripple, especially at high loads, can decrease the performance 
of the converter for certain applications. Therefore, in this 
particular application our proposal is the use of CCM-HS for 
high loads (due to its lower ripple), switching to QSW-ZVS 
(or BCM-ZCS, if the specification of V2 = 2·V1 is not 
accomplished, since QSW-ZVS requires this condition for a 
proper operation) for medium and light loads.  
As a proof of concept, a step load between two different 
power levels is shown, evidencing that the transition from one 
condition mode to another one can be automatically done 
successfully. 
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